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ABSTRACT 16 
Grey mullet (Mugil cephalus) is an economically important fish species in Taiwan 17 
mariculture industry. Moreover, grey mullet are common hosts of a bacterial infection by 18 
Lactococcus garvieae. However, until now the information related to the immune system of grey 19 
mullet is unclear. Therefore, to understand the molecular basis underlying the host immune 20 
response to L. garvieae infection, Illumina HiSeqTM 2000 was used to analyse the head kidney 21 
and spleen transcriptome of infected grey mullet. De novo assembly of paired-end reads yielded 22 
55,203 unigenes. Comparative analysis of the expression profiles between bacterial challenge 23 
fish and control fish identified a total of 7,192 from head kidney and 7,280 in spleen 24 
differentially expressed genes (P < 0.05), including 4,211 upregulated genes and 2,981 25 
downregulated genes in head kidney, while in spleen 3,598 genes were upregulated and 3,682 26 
downregulated. A significant enrichment analysis of these differentially expressed genes (DEG) 27 
in spleen and head kidney revealed major immune-related pathways, including complement and 28 
coagulation cascades, Toll-like receptor signalling, and antigen processing and presentation. 29 
Moreover, selected DEGs were validated using qPCR. Altogether, the results obtained on 30 
immune-related genes may allow for a better understanding of immunity in grey mullet to 31 
Lactococcus garvieae, carrying out detailed functional analysis of these genes and developing 32 
strategies for efficient immune protection against infections in grey mullet. 33 
Keywords: Illumina paired-end sequencing, Immune response, Grey mullet (Mugil cephalus), 34 
Lactococcus garvieae, Transcriptome 35 
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1. INTRODUCTION 37 
Lactococcus garvieae is a Gram-positive ubiquitous bacterium able to grow over a wide 38 
range of temperature, pH and salinity [1]. Moreover, several important commercial aquaculture 39 
fish species are infected by L. garvieae causing high mortality and economic loses [2-5]. In 40 
addition to aquatic animals, L. garvieae has been isolated from other homoeothermic  animals 41 
such as Bos taurus (cattle) Felis catus (cats) and Canis lupus familiaris (dogs) [6-8]. There are 42 
also reports on rare occurrence of L. garvieae as a zoonotic pathogen in humans [9]. In Taiwan, 43 
the main fish species affected with L. garvieae is farmed grey mullet, with outbreaks reported 44 
mainly from May to September [5, 10]. 45 
 Transcriptome profiling can be used to provide useful insight into the immune processes 46 
that play during infection. For example, when Danio rerio (zebrafish) are infected by  47 
Aeromonas hydrophila [11] and Vibrio anguillarum infection in soles (Cynoglossus semilaevis) 48 
[12] indicated  the activation of immune related pathways such as TLR, JAK-STAT and MAPK. 49 
Additional examples of transcriptome profiling analysis include the orange-spotted grouper 50 
(Epinephelus coioides) [13] the blunt snout bream (Megalobrama amblycephala) [14], grass carp 51 
(Ctenopharyngodon idella) [15],], large yellow croaker (Larimichthys crocea) [16], koi carp 52 
(Cyprinus carpio) [17] and Nile tilapia (Oreochromis niloticus) [18,19] have contributed largely 53 
towards understanding the immune mechanisms involved in response to bacterial infection. 54 
However, no information is available on the gene expression profile of the whole transcriptome 55 
or its response to L. garvieae infection in grey mullet. In this study, we used the Illumina 56 
technology to analyse the transcriptomic profile of the grey mullet after artificial L. garvieae 57 
infection. We assembled the transcriptome of grey mullet (M. cephalus) head kidney and spleen 58 
and compared gene expression profiles among L. garvieae infection and control groups to reveal 59 
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molecular fitness mechanisms against bacterial infection and frame a possible strategy to prevent 60 
the continued spread of disease. 61 
 62 
2. MATERIALS AND METHODS 63 
2.1 Animal maintenance 64 
Fifteen Grey mullet (M. cephalus) weighing 75 ± 10g, without pathogen infection,  were 65 
held in recirculating tank (400 l) having sea water (30 ppt) at 26 °C and fed twice daily to 66 
satiation with commercial feed (Feed No.3, Grobest). Fish were acclimatised in the system for 2 67 
weeks prior to experimental procedures. Fish were anaesthetised for handling with 2-68 
phenoxyethanol (300 µlL-l). Approval for animal studies was obtained from the Center for 69 
Research Animal Care and Use Committee of the National Pingtung University of Science and 70 
Technology under protocol no # 101-027. 71 
2.2 Isolation, cultivation, and challenge with Lactococcus garvieae 72 
Lactococcus garvieae was cultured on Todd-Hewitt agar (THA) and in Todd-Hewitt 73 
broth (THB) at 25 oC with moderate shaking at 125 rpm [20]. Fifteen fish were anaesthetised and 74 
injected intraperitoneally with 2.4× 107 cfu per fish that were suspended in 200 µL phosphate 75 
buffered saline (PBS, pH 7.2). The remaining 15 fish per group received only PBS (pH 7.2) as a 76 
control. After the fish were returned to the observation tanks, samples were taken at 24 h post 77 
infection (dpi). Three fish each from the challenge (treatment) and control groups (n=3) were 78 
examined. Spleen and head kidney was dissected and total RNA was isolated. 79 
2.3 Total RNA isolation, library preparation, and sequencing 80 
Total RNA was extracted using TRIzol® reagent (Invitrogen Corp., Carlsbad, CA, USA) 81 
according to the manufacturer's instructions. Total RNA purity and degradation were checked on 82 
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a 1% agarose gel. RNA integrity was assessed using the RNA Nano 6000 Assay Kit on the 83 
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). From individual fish, total RNA 84 
from spleen and head kidney  were dissolved equally in RNase-free water and subsequently 85 
pooled in equal quantities to generate the control and injected-group samples. In brief, mRNA 86 
was isolated from pooled total RNA using poly-T oligo-attached magnetic beads. First strand 87 
cDNA was synthesised using random oligonucleotides and SuperScript II reverse transcriptase. 88 
Second strand cDNA synthesis was subsequently performed using DNA polymerase I and RNase 89 
H. The RNA-Seq library was sequenced on the Illumina HiSeq™ 2000 (Illumina, Inc., San 90 
Diego, CA, USA) platform as paired-end reads to 100 bp at Genomics Bioscience Technology 91 
Co. Ltd (Taipei, Taiwan). 92 
2.5 De novo transcriptome assembly 93 
Raw Illumina paired-end reads were filtered using internal software to remove reads 94 
without adaptors, reads in which unknown bases (N) comprised greater than 5 % of the read, and 95 
low quality reads (defined as reads in which bases with quality is less than 10 comprised greater 96 
than 20 of the read). Post-filtered reads were stored in FASTQ format [21]. Trinity 97 
(https://github.com/trinityrnaseq/trinityrnaseq/wiki) was used to perform de novo assembly using 98 
the paired-reads assembly with default parameters. Next, TIGR gene indices clustering tools, 99 
was used to cluster transcripts into unigenes. The transcriptome raw sequencing datasets from 100 
head kidney and spleen are available from Sequence Read Archive (SRA) database in NCBI and 101 
the accession numbers are SRX1817285, SRX1817286, SRX1817287 and SRX1817288. All the 102 
information on the assembled unigenes sequence and annotation are available from 103 
corresponding author upon request. 104 
2.6 Functional unigene annotation and classification 105 
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Following database were used for annotation; NCBI non-redundant (Nr; 106 
http://www.ncbi.nlm.nih.gov/), the Clusters of Orthologous Groups (COG; 107 
http://www.ncbi.nlm.nih.gov/COG/), and the Kyoto Encyclopaedia of Genes and Genomes 108 
(KEGG; http://www.genome.jp/kegg/), BlastP (Version 2.2.25) for unigenes containing open 109 
reading frames (ORFs), and BlastX for unigenes without an ORF [22]. The Blast2GO program 110 
was used to obtain GO annotation of the unigenes based on BLASTx hits against the NCBI Nr 111 
database [23]. With functional annotation, we selected the region of unigene that best mapped to 112 
functional databases in a priority order of NR, SwissProt, KEGG, and COG as its coding 113 
sequence (CDS), and displayed this sequence region from 5' to 3' in FASTA format. Unigenes 114 
that could not be aligned to any database mentioned above were predicted by ESTscan [24] using 115 
Blast-predicted CDS as the model. 116 
2.7 Differentially expressed genes and enrichment analysis 117 
Expression data from two libraries (treatment and control) were determined by mapping 118 
to the transcriptome assembly using Bowtie2 software (http://bowtie-bio.sourceforge.net) [25]. 119 
The FPKM (fragments per kilobase of transcripts per million fragments mapped) values were 120 
analysed further using the RESM [26] to get differentially expressed genes (DEGs) in head 121 
kidney and spleen between control and infected group. Further, to determine the threshold p 122 
value in multiple tests, false discovery rate (FDR) was used. Furthermore, significant enrichment 123 
was calculated when FDR was < 0.05 and FPKM values showed at least a two-fold difference 124 
between the samples reads. 125 
2.8 Real time polymerase chain reaction  126 
Differentially expressed transcripts were selected and were quantified by real time 127 
quantitative PCR (qPCR). For q-PCR, 2 µg of total RNA were reverse-transcribed in a 20-µL 128 
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reaction system according to the manufacturer's protocol (iScript™ cDNA synthesis kit, Bio-129 
Rad). PCR primers were designed based on transcriptome sequences using Primer 2 Plus 130 
software (Table 1). 131 
β-actin served as the internal control. qPCR was performed using iQTM SYBR® Green 132 
Supermix (Bio-Rad). Each sample was run in triplicate and sample without cDNA in the well 133 
served as control. The optimal annealing temperature for all primers was determined using the 134 
thermal gradient feature of the CFX96 system (Bio-Rad). The real-time PCR program used was 135 
95 °C for 3 min, followed by 40 cycles of 95 °C for 15 s, Ta according to the primer (Table 1) for 136 
35 s. Dissociation and melting curves of amplification products were performed at the end of 137 
each PCR to confirm that only one PCR product was amplified and detected. Results were 138 
analysed using the CFX Manager Software package (Bio-Rad Laboratories). The 2−∆∆CT method 139 
was chosen as the calculation method [27]. The difference in the cycle threshold (Ct) value of the 140 
target gene and its housekeeping gene (β-actin) called ∆CT was calculated using the following 141 
equation: ∆∆CT = (∆CT of bacterial challenge or PBS-injected group for the target gene at each 142 
time point) − (∆CT of the initial control). 143 
 144 
3. RESULTS 145 
3.1 Transcriptome sequence assembly and functional annotation 146 
Of 55,203 unigenes, 42,591 (77.15%) were annotated using at least one database, 147 
including 40,952 (74.18%) in NT, 32,577 (59.01%) in NR, 28,138 (50.97%) in Swiss-Prot, 148 
11,122 (20.15%) in COG, 26,870 (48.67%) in KEGG, 24,738 in Interpro  (44.81%), and 915 149 
(1.66%) in GO (S T1a & b). Overall 11,122 (20.15%) COG annotated putative proteins were 150 
classified into 25 categories (S. Fig. 1). The largest functional cluster was determined to be 151 
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‘replication recombination and modification’ (1,812, 6.74%), followed by ‘transcription’ (1743, 152 
6.48%) and ‘translation, ribosomal structure, and biogenesis’ (1720, 6.40%).  153 
3.2 Differentially expressed number of genes after Lactococcus garvieae challenge 154 
Comparison of gene expression levels revealed a total of 7,192 and 7,280 differentially 155 
expressed genes in head kidney and spleen respectively (P<0.05). These included 4,211 156 
upregulated genes and 2,981 downregulated genes in head kidney, and 3,598 upregulated genes 157 
and 3,682 downregulated genes in spleen (Figure 1, S. Fig. 2). The differential expressed genes 158 
from head kidney and spleen were mainly annotated into biological process, cellular component 159 
and molecular function (Figure 2). The most annotated unigenes are cellular process, single-160 
organism process and metabolic process from biological process categories. While cell, cell part 161 
and organelle from cellular component categories and binding, catalytic activity and molecular 162 
transducer activity in the molecular function categories. 163 
 Overall, from spleen and head kidney DEGs, KEGG analysis annotated into 256 164 
pathways which are classified into 6 main categories (Figure 3), namely cellular processes, 165 
environmental information processing organismal systems, genetic information processing 166 
metabolism, human diseases, metabolism and organismal systems. Infectious disease-viral and 167 
infectious disease-bacterial were the most annotated unigene under human diseases categories. 168 
While, immune system showed the second largest in organismal system categories.  169 
 A total of 929 DEG in head kidney were annotated into signal transduction pathway 170 
terms with 26 sub-pathway (S Table 2a), including PI3K Akt signalling pathway (228 genes), 171 
Rap1signaling pathway (197 genes), MAPK signaling pathway (103 genes), Ras signaling 172 
pathway (102 genes), Phospholipase signaling pathway (97 genes), NF-kappa B signaling 173 
pathway (89 genes), calcium signaling system (85 genes), TNF signaling pathway (67 genes), 174 
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cGMP-PKG signaling pathway (60 genes), JAK-Stat signaling pathway (56 genes), Hippo 175 
signaling pathway (56 genes), cAMP signaling pathway (55 genes) and HIF-1 signaling pathway 176 
(50 genes).  177 
 A total of 965 in spleen with 26 sub-pathway in spleen (S Table 2b), including PI3K Akt 178 
signalling pathway (264 genes), Rap1signaling pathway (238 genes), NF-kappa B signaling 179 
pathway (154 genes), MAPK signaling pathway (134 genes), Ras signaling pathway (123 genes), 180 
TNF signaling pathway (108 genes), calcium signaling system (102 genes), Phospholipase D 181 
signaling pathway (95 genes), JAK-Stat signaling pathway (93 genes), cGMP-PKG signaling 182 
pathway (82 genes), Hippo signaling pathway (66 genes), phosphatidylinositol signalling 183 
pathway (65 genes), cAMP signaling pathway (64 genes) and HIF-1 signaling pathway (61 184 
genes).  185 
 The immune system showed the highest DEGs in spleen (968) and kidney (916 genes) 186 
into 13 sub-categories in head kidney (S T3a), including hematopoietic cell lineage (243 genes), 187 
T cell receptor signaling pathway (182 genes), natural killer cell mediated cytotoxicity (151 188 
genes), NOD-like receptor signaling pathway (140 genes), Fc gamma R-mediated phagocytosis 189 
(121 genes), B cell receptor signaling pathway (120 genes), intestinal immune network for IgA 190 
production (114 genes), antigen processing and presentation (106 genes), Toll-like receptor 191 
signaling pathway (Figure 4) (75 genes), complement and coagulation cascades (Figure 5) (53 192 
genes), Fc epsilon RI signaling pathway (50 genes), cytosolic DNA-sensing pathway (48 genes) 193 
and RIG-I-like receptor signaling pathway (47 genes).  194 
 These DEGs of immune system were annotated in 16 sub-categories in spleen (S T3b), 195 
including hematopoietic cell lineage (251 genes), T cell receptor signaling pathway (195 genes), 196 
natural killer cell mediated cytotoxicity (175 genes), platelet activation (168 genes), leukocyte 197 
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transendothelial migration (157 genes), NOD-like receptor signaling pathway (140 genes), 198 
chemokine signalling pathway (139 genes), intestinal immune network for IgA production (136 199 
genes), Fc gamma R-mediated phagocytosis (123 genes), B cell receptor signaling pathway (122 200 
genes), antigen processing and presentation (103 genes), Toll-like receptor signaling pathway 201 
(99 genes), Fc epsilon RI signaling pathway (56 genes), cytosolic DNA-sensing pathway (50 202 
genes) and RIG-I-like receptor signaling pathway (50 genes), complement and coagulation 203 
cascades (41 genes). 204 
Differently expressed genes with absolute value of fold changes >2 were selected from the 205 
immune-related category from head kidney and spleen and presented in Table 2. Eventhough 206 
most of the selected genes could be found in other category, the genes related to hematopoietic 207 
cell lineage, cytokine cytokine receptor interactions, complement system, antigen processing and 208 
presentation, toll like receptor signalling pathway, T cell receptor signalling pathway were 209 
shown and discussed. We also identified immune-related gene sequences that were up-regulated 210 
from DEG in grey mullet (S Table 4), and evaluated their homology with those from other fish 211 
species using the NCBI database. 212 
3.6 Validation of differentially expressed genes using real-time PCR 213 
The selected genes were related to pathways including, cytokine-cytokine receptor interaction, 214 
toll-like receptor signalling (TLR), complement system and antigen processing and presentation. 215 
Levels of expression for the above mentioned target genes isolated from spleen and head kidney 216 
tissue were determined in the infected fish after challenge and compared with those in the 217 
controls 24 h post infection. These results are largely consistent with the transcriptome profile 218 
analysis (Figure 6). 219 
 220 
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4. DISCUSSION 221 
Transcriptome profiling of grey mullet was undertaken in spleen and head kidney to understand 222 
the molecular host response to L. garvieae. The up- and down-regulated genes from infected 223 
head kidney and spleen were mainly annotated with the GO terms and KEGG. Differentially 224 
expressed genes were mainly annotated using KEGG with immune and signalling transduction 225 
related pathways (Figure 2). In this study, the immune-related genes of grey mullet activated in 226 
the early stage of bacterial invasion by L. garvieae was determined. We categorized these 227 
immune related genes into six categories upon GO annotation and KEGG pathway classification 228 
as follows and discussed further: hematopoietic cell lineage, cytokine cytokine receptor 229 
interactions, complement system, antigen processing and presentation, toll like receptor 230 
signalling pathway, T cell receptor signalling pathway. 231 
4.1 Hematopoietic cell lineage 232 
Hematopoietic stem cells (HSCs) have the ability to self-renew and generate mature blood cell 233 
types over the lifetime of an individual [28]. Our results showed that CD44 antigen was 234 
upregulated in grey mullet after L. garvieae challenge. CD44 is a cell surface molecule which is 235 
mainly involved in the cell proliferation, differentiation, presentation of cytokines, chemokines 236 
and signaling for cell survival [29]. This indicate that CD44 in grey mullet played a major role in 237 
interacting between bacteria and host cells for the activation of inflammatory cytokines. 238 
However, its role with regard to the interaction in the regulation of an immune response to 239 
infection need to be addressed in future studies. 240 
Our results indicated the upregulation of Fc receptor and immunoglobulin heavy chain in grey 241 
mullet. This leads to the future interesting research on the  pathogenic L. garvieae which are able 242 
to bind immunoglobulin. Noticeably from European and Japanese serotypes, expressed proteins 243 
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reduced phagocytosis in trout macrophages upon binding to the Fc region of trout 244 
immunoglobulin [30]. Moreover, the interaction between L. garvieae and yellowtail 245 
macrophages revealed  decreased opsonophagocytosis [31]. These results indicate that in grey 246 
mullet, upon upregulation of Fc receptor, the phagocytosis activity may be decreased which 247 
subsequently can help L. garvieae to survive and proliferate. However, this needs to be 248 
established in the future studies on grey mullet. 249 
4.2 Cytokines 250 
Cytokines transfer information among cells to initiate complex intracellular biological 251 
processes upon binding to corresponding cell-surface receptors. Moreover, cytokines initiate pro-252 
inflammatory response to bacterial exposure and coordinate leukocyte attraction and activation 253 
of antimicrobial pathways [32, 33]. As expected, after L. garvieae infection, various cytokines 254 
and cytokine receptor families are up-regulated in cytokine–cytokine receptor interaction 255 
signalling pathways in M. cephalus (Table 2), including chemokine receptors (CXCL12, 256 
CXCR5, interleukin  receptor beta, CXC14, interleukin 10, interleukin 15, interleukin 1β, 257 
leukaemia inhibitory factor receptor, transforming growth factor beta-3, oncostatin M receptor, 258 
ciliary neutrophic factor, granulocyte colony stimulating factor receptor, interleukin 21 receptor). 259 
These data indicate that the up-regulation of these proinflammatory cytokines strongly suggests 260 
that the proinflammatory response is initiated at the onset and early stages of post-infection by L. 261 
garvieae. Interestingly, IL-10 significantly increased after L. garvieae challenge. Further, IL-10 262 
can inhibit macrophages and Th1 T cells to release pro-inflammatory cytokines such as IFN-γ, 263 
IL-2, IL-3, TNFα and GM-CSF. Cellular IL-10 is a crucial anti-inflammatory cytokine regulating 264 
the immune response in fish [34-36]. This may be the possible reason that, TNF-α was 265 
downregulated upon infection in grey mullet. 266 
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Additionally, IL-8, was downregulated in M. cephalus following L. garvieae infection. 267 
This results indicates that there may be some physiological changes associated with 268 
inflammation by reducing the neutrophil recruitment and neutrophil degranulation. Moreover, 269 
IL-8 (CXCL8) is a member of the CXC chemokine family which  can be secreted by a wide 270 
range of cell types in response to different stimulants. IL-8, induces chemotaxis in  neutrophils 271 
causing them to migrate towards the site of infection. This phenomenon was observed in carp IL-272 
8, which played a crucial role in recruitment of neutrophilic granulocytes during the early phase 273 
of inflammation [37]. The downregulation of IL-8 in grey mullet can further explains the lack of 274 
neutrophil recruitment during infection. Also, it is evident from the literature that, upregulation 275 
of IL-10 during infection will subsequently downregulates the activation of IL-8 secretion [38]. 276 
Since, in our study the upregulation of IL-10 may explain its contribution towards 277 
downregulating IL-8 in grey mullet. However, this mechanisms leading to the down-regulation 278 
of IL-8 are worth further investigation as rescued neutrophil recruitment and activation may 279 
allow progression of L. garvieae infection in M. cephalus.  280 
4.3 Complement system 281 
Both C3 and C5a from the complement system were upregulated in M. cephalus following 282 
infection with L. garvieae. C3 leads to direct opsonisation of pathogens for recognition by C3 283 
receptors on macrophages and initiates formation of the membrane attack complex [39], while 284 
C5a is a potent anaphylotoxin, activating and promoting phagocytosis by macrophages. 285 
Regardless of serotype, L. garvieae fix rainbow trout complement, though virulent capsulate 286 
isolates fix less complement than avirulent capsule-negative isolates [30]. This implies that the 287 
complement system, although activated, does not constitute an effective response to L. garvieae. 288 
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Moreover, whilst macrophage activation and phagocytosis may be initiated by C5a, upregulated 289 
in this study, L. garvieae must have other means of avoiding clearance by these cells. 290 
4.4 Toll like receptor  291 
A total of 29 gene transcripts found to be up-regulated and involved in the TLR 292 
signalling pathway were detected in our transcriptome analyses, including the TLRs (TLR2), and 293 
adapter protein and downstream effector molecules LBP, interferon receptor 1, RAC 294 
serine/threonine protein kinase, TANK-binding kinase 1, inhibitor of NF-κB sub unit alpha, 295 
mitogen-activated protein kinase kinase 4 were upregulated. In addition, the activation of TLRs 296 
pathway following L. garvieae infection promoted the expression of downstream transcription 297 
factors (IRAK1), pro-inflammatory cytokines (IL-1β), T cell stimulation (CD 40 and CD 80) 298 
which were necessary for T cell activation and survival [40] and chemotactic effects (IP 10 and 299 
MIG) suggesting important roles in host defence.  These results demonstrated that diverse TLRs 300 
of fish involved in the immunity of grey mullet against L. garvieae infection. 301 
The upregulation of TLR2 by M. cephalus in response to L. garvieae was observed. 302 
Moreover, TLR2 can recognize various ligands from bacteria by forming homodimer or 303 
heterodimer with TLR1 or TLR6 [41]. In addition, it was demonstrated in European common 304 
carp (Cyprinus carpio carpio L.) for the role of the TLR2 in the recognition of ligands from 305 
Gram-positive bacteria [42]. While, the overexpression of carp TLR2 in carp macrophages, 306 
suggested that carp TLR2 could sense both peptidoglycan (PGN) and lipoteichoic acid (LTA) 307 
from Gram-positive Staphylococcus aureus. Also upon stimulation with PGN, LTA and Gram-308 
positive (Streptococcus uberis) or Gram-negative (Edwardsiella tarda and Aeromonas 309 
hydrophila) bacterial infections in Indian major carp mrigal (Cirrhinus mrigala) and rohu (Labeo 310 
rohita), indicated the inductive expression of TLR2 [43-45]. These results indicate that, the 311 
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TLR2 of grey mullet might played a major role in recognising the PGN and LTA of L. garvieae 312 
after challenge, but further functional studies are required to characterize TLR2 in grey mullet. 313 
4.5 Antigen processing and presentation 314 
Whilst innate immunity is the initial defence against invading virulent bacteria like L. garvieae, 315 
it is intrinsically linked to the initiation of the adaptive immune response. In M. cephalus,  both 316 
MHC class I and II antigen, protein disulphide isomerase family A, member 3, CD8A antigen, 317 
CD4 antigen were up-regulated significantly. MHCII is involved in presentation of exogenous 318 
antigens by specialist such as dendritic cells [46] and B lymphocytes [47-49] in fish, whilst 319 
MHCI is generally activated in response to antigens of intracellular origin and is the major route 320 
of presentation of viral antigens. It is interesting, therefore that MHCI was upregulated in this 321 
case and suggests a potential; intracellular mode of pathogenicity for L. garvieae. This may 322 
explain the lack of efficacy of the complement system and macrophages in clearing the 323 
pathogen. 324 
The CD4 and CD8 antigen are upregulated in grey mullet after L. garvieae challenge which 325 
infers the efficient cell-cell interactions within the immune system. These effector CD4 and CD8 326 
activities can work to limit the growth of the pathogen within its host cell. It was demonstrated 327 
that at the peak of the T cell response, a small subset of effector cells survives and develops into 328 
a long-lived memory population [50]. Therefore, these memory cells can react rapidly to a 329 
second antigen encounter and are essential for successful vaccination. In our result, we observed 330 
that β2 microglobulin was downregulated and in the absence of β2 microglobulin, very limited 331 
amounts of MHC class I (classical and non-classical) molecules can be detected on the surface 332 
[51]. Interestingly, it is evident that β2M could induce the expression of interleukin 6 (IL‑6), and 333 
8 in several cell types, regulate and coordinate the interaction between cytokines and their 334 
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receptors [51, 52]. This result indicate that, L. garvieae infection might have influenced IL-8 and 335 
β2 macroglobulin on the level of immune response in grey mullet. 336 
4.6 T-cell receptor (TCR) signalling pathway  337 
In the present study, genes involved in the TCR signaling pathway were up-regulated following 338 
L. garvieae infection, such as programmed cell death protein 1, T cell surface glycoprotein CD3 339 
epsilon chain, lymphocyte-specific protein tyrosine kinase (LCK), disks large protein 1. The 340 
activation of T-cell depends on the binding of TCR with antigens that are presented by major 341 
(MHC) molecules [53]. Subsequently, in order to eliminate antigens, T cells can activate other 342 
cells or carry out cytolytic attacks. These results imply that T-cell mediated immune mechanisms 343 
are involved in the response to L. garvieae in grey mullet and similar results were observed in 344 
soiny mullet challenged with S. dysgalactiae [54].  345 
 346 
5. CONCLUSION 347 
In summary, this study provides a necessary first survey of host defence gene functions against 348 
bacterial challenge based on differential transcriptome profiling in grey mullet M. cephalus 349 
infected with L. garvieae. This transcriptome can be used as a reference for comparative studies 350 
within the genus or family. Our results reveal the differential expression of a large number of 351 
immune related genes that are integral to including, hematopoietic cell lineage, cytokine cytokine 352 
receptor interactions, complement system, antigen processing and presentation, toll like receptor 353 
signalling pathway, T cell receptor signalling pathway indicative of the impact of bacterial 354 
infection on several innate and adaptive immune response pathways. The lack of IL-8 during L. 355 
garvieae infection in grey mullet,the upregulation of MHCI and TLR2 can indicate the presence  356 
induced innate immune response to L. garvieae infection.. Furthermore, the upregulation of pro-357 
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and anti-inflammatory cytokines indicates the activation of inflammation. These data provides 358 
valuable information that is useful, interesting and points towards the direction for future 359 
research for the development of novel disease control measures to aid in protection in grey 360 
mullet aquaculture. 361 
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Table 1. Primer name, sequence, target gene, product size and their application used in the present study 
 
Name Sequence Target gene Product size (bp) Efficiency values 
GMIL-10 F CTTGTCCTTCTTCGGCACTA IL-10 186 55.7 
GMIL-10 R TTGAAAGAGTCCTCCACGGTC 
GMNOD F GACCCCGTAGTCACTGATGTT NOD 217 57 
GMNOD R CTTGCCCAACTTCTTGTGGA 
 GMIL-1B-F GAGGAGCTTGGTGCAGAACA IL-1β 221 61.4 
GMIL-1B- R CTTTGTTCGTCACCTCCTCCA 
GMIL-8F CACTGCTGGTCGTCCTCATT IL-8 146 59 
GMIL-8R CAGTCGGAGGTCGGAAGTCT 
GMTLR2F GGCTCCAGCAGGATCAAAAT TLR2 191 57 
GMTLR2R CTTCCTACCAGGTCACTGGAT 
GMC3F GCATCACGCTCCTTGTCTTT C3 244 61.4 
GMC3R ACCACTATGCCACAAGAACATC 
GMMHCI-F GCAGAACCAGAGGCTTCAACA MHCI 236 57 
GMMHCI-R TCAGGAGGAGTTGTGTCTATGAAC 
GMTNFΑ-F GCGCAGTCTGTCATTGGTT TNF-α 251 60 
GMTNFΑ-R ACTGGACACGCTCACTGTAGTG 
β-actinF TGCAGTCAACATCTGGAATC β-actin 191 59 
β-actinR ATTTTTGGCGCTTGACTCAG 
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Table 2. Immune-related differentially expressed genes (DEGs) regulated after infection in head kidney and spleen of grey mullet 
Description 
log2 Fold Change 
Head-kidney Spleen  
Hematopoietic cell lineage   
cd 44 antigen 2.97  ↑ 9.46  ↑ 
transferrin receptor 4.67  ↑ ----- 
Fc receptor, IgE, low affinity II 9.56  ↑ 2.03  ↑ 
immunoglobulin heavy chain 3.71  ↑ -7.71 ↓ 
CD 34 antigen 3.95  ↑ ---- 
interleukin 11 receptor alpha -2.24 ↓ 6.07  ↑ 
fms-related tyrosine kinase 3 -2.58 ↓ -2.53 ↓ 
granulocyte colony-stimulating factor -3.58 ↓ 5.09  ↑ 
erythropoietin receptor -1.58 ↓ ------ 
Cytokine-cytokine receptor interactions   
C-X-C motif chemokine 12 2.45  ↑ -2.49 ↓ 
interleukin 8 receptor beta 2.17  ↑ 2.52  ↑ 
C-X-C chemokine receptor type 5 2.22  ↑ 9.21  ↑ 
C-C motif chemokine 28 9.57  ↑ ---- 
platelet basic protein -2.35 ↓ ---- 
interleukin 8 -1.56 ↓ -1.77 ↓ 
C-X-C motif chemokine 14 -6.00 ↓ -1.01 ↓ 
XC chemokine receptor 1 -1.58 ↓ -9.60 ↓ 
C-C motif chemokine 20 -2.19 ↓ -4.67 ↓ 
Interleukin 10 4.66  ↑ 2.93  ↑ 
Interleukin 15 3.74  ↑ 2.58  ↑ 
Interleukin-1β 2.75  ↑ 3.39  ↑ 
transforming growth factor beta-3 -5.02 ↓ -1.56 ↓ 
leukemia inhibitory factor receptor 2.65  ↑ 10.15 ↑ 
oncostatin M receptor 2.65  ↑ 2.89   ↑ 
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Ciliary neurotrophic factor 
2.83  ↑ 10.15 ↑ 
granulocyte colony-stimulating factor receptor 2.19  ↑ 5.09   ↑ 
interleukin 21 receptor 2.17  ↑ ----- 
interleukin 6 signal transducer -1.54 ↓ -1.99 ↓ 
interleukin 11 receptor alpha -2.24 ↓ 6.07  ↑ 
Complement   
complement component 3 6.35  ↑ 2.62  ↑ 
alpha-2-macroglobulin 7.56  ↑ ---- 
tissue factor pathway inhibitor 10.11↑ 2.86  ↑ 
C5a anaphylatoxin chemotactic receptor 2.04  ↑ ------ 
fibrinogen alpha chain 11.86↑ ----- 
C1 inhibitor 3.25  ↑  ------ 
thrombomodulin -2.59 ↓ ------ 
plasminogen activator, urokinase receptor -1.79 ↓ 2.18   ↑ 
Antigen processing and presentation   
major histocompatibility complex, class I 2.29  ↑ 10.64 ↑ 
protein disulfide isomerase family A, member 3 2.37  ↑ ---- 
major histocompatibility complex, class II 2.01  ↑ 14.57 ↑ 
CD8A antigen, alpha polypeptide 2.29  ↑ 10.64 ↑ 
CD4 antigen 2.01  ↑ 14.57 ↑ 
tumor necrosis factor superfamily, member 2 -2.17 ↓ 2.81   ↑ 
TAP binding protein (tapasin) -1.01 ↓ 2.84   ↑ 
regulatory factor X 5 -8.45 ↓ ---- 
beta-2-microglobulin -1.61 ↓ -2.66  ↓ 
Toll like receptor signalling pathway   
Toll like receptor 2 5.26  ↑ 4.43 ↑ 
lipopolysaccharide-binding protein 4.18  ↑ 2.79 ↑ 
interferon receptor 1 7.55  ↑ 2.99 ↑ 
phosphatidylinositol-4,5-bisphosphate 3-kinase 2.26  ↑ -1.11↓ 
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RAC serine/threonine-protein kinase 2.34  ↑ 2.66  ↑ 
TANK-binding kinase 1  2.09  ↑ 10.16↑ 
inhibitor of nuclear factor kappa-B kinase subunit alpha  2.06  ↑ 2.04  ↑ 
mitogen-activated protein kinase kinase 4  7.55  ↑ 2.84  ↑ 
proto-oncogene protein c-fos 2.72  ↑ 2.46  ↑ 
mitogen-activated protein kinase kinase kinase 7 -1.81 ↓ 3.78  ↑ 
T cell receptor signalling pathway   
programmed cell death protein 1 2.82 ↑ 10.89↑ 
T-cell surface glycoprotein CD3 epsilon chain 2.95 ↑ ----- 
lymphocyte cell-specific protein tyrosine kinase 2.22 ↑ -1.18 ↓ 
disks large protein 1 9.34 ↑ 2.11  ↑ 
cytotoxic T-lymphocyte-associated protein 4 -8.60↓ -4.55 ↓ 
tyrosine-protein kinase Fyn -1.03↓ 2.21  ↑ 
↑ Upregulation, ↓ downregulation 
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Fig 1. Upregulation and downregulation of differential expressed genes in head kidney and 
spleen after challenge with L garvieae in grey mullet 
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Fig 2. Gene ontology (GO) enrichment analysis of differently expressed genes in head kidney 
and spleen. The results of GO enrichment analysis of differently expressed genes were classified 
into three categories: biological process, cellular component and molecular function. The y-axis 
is gene functional classification of GO, x-axis is the corresponding number of genes. 
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Fig 3. KEGG classifications of DEGs. (A) Cellular processes, (B) environmental information processing organismal systems, (C) 
genetic information processing metabolism, (D) human diseases, (E) metabolism and (F) organismal systems. 
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Fig. 4. Toll like receptor signalling mapping by KEGG. Red boxes indicate significantly differentially upregulated expression and 
white boxes indicate unchanged expression in the transcriptomic profile 
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Fig. 5. Complement and coagulation cascade pathway mapping by KEGG. Red boxes indicate significantly differentially upregulated 
expression, green box indicate downregulated expression and white boxes indicate unchanged expression in the transcriptomic profile. 
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Fig 6. Gene expression analysis from qPCR and RNA-seq in spleen (A) and head kidney (B) from the infected grey mullet with L. 
garvieae and compared with those in the control at 24 h time point. For qPCR expression of target genes was normalized to β-actin as 
a reference gene. Statistically significant differences from control are presented with a P < 0.05. 
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Highlights 
• A transcriptome of grey mullet infected with L. garvieae was sequenced. 
• First information on the immune related gene on grey mullet. 
• Lack of IL-8 during infection might reduce the recruitment of neutrophil. 
• Upregulation of MHCI indicates an intracellular phase of L. garvieae. 
• Upregulation of pro and anti-inflammatory cytokines indicates the activation of inflammation. 
 
